Introduction {#s1}
============

Laccases are members of the multi-copper oxidoreductases that oxidize a variety of phenolic substances including polyaromatic hydrocarbons (PAH), estrogens in wastewater [@pone.0025724-RodrguezRodrguez1], [@pone.0025724-Auriol1] and recalcitrant biopolymers such as lignin [@pone.0025724-Theuerl1], [@pone.0025724-Bugg1]. Due to their broad substrate specificity laccases are of great industrial interest and have been used in paper and wood processing and in the textile industry [@pone.0025724-Couto1], [@pone.0025724-Widsten1], [@pone.0025724-SinghArora1].

Substrate oxidation by laccases (and subsequent reduction of molecular oxygen) creates reactive radicals which can participate in (i) polymerization (oxidative coupling of monomers), (ii) degradation of polymers or (iii) degradation of phenolics (by cleavage of aromatic rings) [@pone.0025724-Claus1]. Substrate specificity is broadened by mediators, which are small molecular-mass compounds that are oxidized into radicals by laccases and can subsequently oxidize a variety of other (more complex) substrates such as lignin. Laccases contain four copper atoms held in place in the reaction center by conserved copper-binding regions. Nucleotide sequences specifying the copper-binding sites are suitable for molecular-ecological studies as it is possible to design PCR-primers for these sites [@pone.0025724-Luis1]-[@pone.0025724-Ausec1]. Laccases have been found in all domains of life [@pone.0025724-Hoegger1] but have been most intensively studied in ligninolytic fungi [@pone.0025724-Baldrian1].

The first indication that laccases may be present in bacteria was based on the phenol-oxidase activity observed in *Azospirillum lipoferum* almost 20 years ago [@pone.0025724-Givaudan1]. A decade ago, researchers used the BLAST algorithm to find 14 bacterial laccase genes similar to those known from fungi [@pone.0025724-Alexandre1]. A few bacterial laccases have been studied since (see [@pone.0025724-Sharma1] for a more recent review). Until recently, fungal laccases have been considered extracellular enzymes while bacterial laccases were assumed to be mostly intracellular or spore-bound. It was speculated [@pone.0025724-Sharma1] that bacteria may have strategies such as rearrangement of the electron transport system to cope with the toxic molecular compounds produced by the oxidation of aromatic substrates within the cell. The simplistic view of fungal laccases as extracellular lignin-degrading enzymes has given way to a more realistic view, in which fungal laccases are involved in various intra- and extracellular developmental processes in morphogenesis and pathogenesis [@pone.0025724-SinghArora1], [@pone.0025724-Hoegger1], [@pone.0025724-Kilaru1] in addition to their role in degradation of complex substrates. It was suggested that further studies are needed to verify that the diverse fungal laccases retrieved from different environmental studies are indeed extracellular ligninolytic enzymes [@pone.0025724-Theuerl1].

In bacteria, the perceived role of laccases has mostly been limited to oxidation of metals and pigment formation [@pone.0025724-Claus1], [@pone.0025724-Sharma1]. The latter function is based on the well studied CotA laccase located in the spore coat of *Bacillus subtilis*, which produces a melanin-like pigment for the protection of the spore against UV-light [@pone.0025724-Martins1]. The possibility that bacterial laccases play a role in the degradation of recalcitrant biopolymers has been suggested only recently [@pone.0025724-Bugg1], [@pone.0025724-Ahmad1]. However, bacterial laccases may have several properties that are not characteristic of fungal enzymes. Firstly, the laccase from *Streptomyces lavendulae* [@pone.0025724-Suzuki1] shows high thermo resistance and the CotA laccase from *Bacillus subtilis* has a half-life of inactivation at 80°C of about 4 h and 2 h for the coat-associated or the purified enzyme, respectively [@pone.0025724-Martins1]. The most termophilic laccase from *Thermus termophilus* has the optimal reaction temperature of 92°C and a half life of inactivation at 80°C of over 14 hours [@pone.0025724-Miyazaki1]. Secondly, the laccase from *Bacillus halodurans* is stimulated rather than inhibited by chloride [@pone.0025724-Ruijssenaars1], which is a novel trait of great importance for industrial processes. Thirdly, but perhaps most importantly, several pH-tolerant bacterial laccases with pH ranges from 4 up to 9.5 have been described, e. g. from a *Gammaproteobacterium* [@pone.0025724-Singh1], *Streptomyces* [@pone.0025724-Niladevi1], [@pone.0025724-Dube1], *Bacillus halodurans* [@pone.0025724-Ruijssenaars1], and metagenomic sources [@pone.0025724-Ye1]. The heterologous expression of bacterial laccases may be more efficient than that of fungal laccases as there are no introns or post-translational modification (fungal laccases are glycosylated). Finally, a novel evolutionary lineage of two-domain laccases has been established [@pone.0025724-Nakamura1]. These laccases are different from the well-known monomeric three-domain laccases that are typical for fungi and bacteria. The two-domain laccases, which have only been identified in prokaryotes, have a homotrimeric quaternary structure and form the active site on the interface of each two monomers. Three groups of two-domain laccases were distinguished on the basis of the organization of the copper-binding regions within the protein domains, and representative enzymes of type B and type C two-domain laccases have subsequently been characterized in bacteria, while sequence data suggested the presence of type A two-domain laccases in archaea [@pone.0025724-Nakamura1]. For all these reasons, studying bacterial laccases is important from the perspectives of basic science as well as for the development of novel biotechnological applications.

The aim of this study was to use the extensive sequence data of the complete and draft bacterial genomes to evaluate bacterial laccases at the level of (1) the distribution of laccase-like genes within different bacterial phyla, (2) the diversity of the genes for bacterial laccases, and (3) the structural characteristics of the putative laccases. The bioinformatic search for new genes was based on profile Hidden Markov Models (pHMMs). This approach provided the theoretical ground for new hypotheses about the roles of laccases in bacteria and may guide the future research of these interesting and biotechnologically important enzymes.

Methods {#s2}
=======

Construction of profile Hidden Markov models (pHMMs) {#s2a}
----------------------------------------------------

The construction of pHMMs [@pone.0025724-Durbin1], [@pone.0025724-Eddy1] was based on a two-step approach ([Figure 1](#pone-0025724-g001){ref-type="fig"}). In the first step, an initial pHMM was generated using the HMMER software package [@pone.0025724-Eddy1]. For this purpose, a set of sequences was collected by applying BLAST [@pone.0025724-Altschul1] searches using known protein sequences of described bacterial laccases ([Table 1](#pone-0025724-t001){ref-type="table"}) as templates. The sequences of the obtained hits were aligned using MUSCLE [@pone.0025724-Edgar1]. The alignment was manually processed to remove sequences without the four copper binding domains and duplicates to avoid bias in the models. Phylogenetic analysis was applied to identify different types of target proteins. For phylogenetic tree reconstruction, the neighbor-joining method with Jukes-Cantor genetic distances was used in MEGA4 [@pone.0025724-Tamura1]. Finally, the initial pHMM was generated for each identified group of bacterial laccase-like proteins using the HMMER3 package.

![A two-step approach for the construction of laccase-specific profile Hidden Markov Models (pHMM).\
An initial set of known protein sequences was used to search for similar proteins that served for initial pHMMs building. These were refined with additional sequences and rebuilt from improved alignments. NCBI proteins -- a database of all the proteins from the finished microbial genomes as described Methods.](pone.0025724.g001){#pone-0025724-g001}
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###### List of bacterial enzymes for which laccase activity was demonstrated.

![](pone.0025724.t001){#pone-0025724-t001-1}

  accession                       source                        type               reference
  ----------- ---------------------------------------------- ---------- -------------------------------
  CAB45586              *Streptomyces coelicolor*             2-domain   [@pone.0025724-Machczynski1]
  BAB64332                *Streptomyces griseus*                             [@pone.0025724-Endo1]
  3G5W                    *Nitrosomonas europea*                            [@pone.0025724-Lawton1]
  2ZWN                    *metagenomic library*                             [@pone.0025724-Komori1]
  YP_077905        *Bacillus licheniformis* ATCC 14580        3-domain   [@pone.0025724-Koschorreck1]
  NP_388511    *Bacillus subtilis* subsp. subtilis str. 168                [@pone.0025724-Martins1]
  NP_414665    *Escherichia coli* str. K-12 substr. MG1655                 [@pone.0025724-Roberts1]
  AY228142                *Bacillus halodurans*                          [@pone.0025724-Ruijssenaars1]
  YP_005339            *Thermus thermophilus* HB27                         [@pone.0025724-Miyazaki1]
  EF507879        *Streptomyces cyaneus* strain CECT3335                    [@pone.0025724-Arias1]
  AB092576              *Streptomyces lavendulae*                           [@pone.0025724-Suzuki1]
  AF184209              *Marinomonas mediterranea*                       [@pone.0025724-SanchezAmat1]

These sequences were used for BLAST search against the NCBI NR database to retrieve sets of sequences for initial building of profile Hidden Markov Models of bacterial laccases.

In the second step, the pHMMs for the target sequences were retrained. Firstly, the initial pHMMs were applied to search for similar sequences in the pool of protein sequences from microbial genomes stored in the NCBI protein database (described in the following section). Then the sequences were aligned using MUSCLE. Lastly, final pHMMs were constructed for the five identified types of laccases based on the modified version of the alignment. The models cover a large portion of the proteins spanning all four copper-binding domains. The five pHMMs are available as supporting information ([Figure S1](#pone.0025724.s001){ref-type="supplementary-material"}, [S2](#pone.0025724.s002){ref-type="supplementary-material"}, [S3](#pone.0025724.s003){ref-type="supplementary-material"}, [S4](#pone.0025724.s004){ref-type="supplementary-material"}, [S5](#pone.0025724.s005){ref-type="supplementary-material"}).

The databases -- genomes and metagenomes {#s2b}
----------------------------------------

For the pHMM searches, several public databases were used. For the generation and testing of the pHMMs, NCBI proteins and draft proteins were used. The NCBI protein database consisting of 3,819,638 proteins was obtained from a set of 1,216 complete microbial genomes available from the NCBI (genomes -- *Prokaryota* database) in September 2010. The organisms belonged to *Bacteria* (89%), *Archaea* (7%) and viruses (4%) and represented 802 different genera. 418 organisms had 1 or more plasmids (a total of 937 plasmids were included in the database). The draft proteins from NCBI is a database of 3,602,197 proteins. The proteins were obtained from 995 draft microbial genomes (apart from one viral and six archaeal genomes, all were bacterial), belonging to 517 genera. It was not distinguished between chromosomes and plasmids as the contigs were not annotated to allow this distinction.

Four different metagenome datasets were used as databases for the pHMM-based search. The metagenome obtained from a biogas plant consisted of "biogas" data contained 1,963,716 nucleotide reads [@pone.0025724-Jaenicke1], [@pone.0025724-Schlter1]. The sequences were obtained by sequencing on the GS FLX and Titanium platforms and assembled using the Newbler software resulting in 36,483 contigs, which were translated in six reading frames. The "termite metagenome" was a set of 82,789 proteins from the hindgut microbiome of the termite *Nasutitermes* sp. [@pone.0025724-Warnecke1] obtained from the IMG/M database. Finally, the "cow rumen" consisted of 2,547,270 proteins from the cow rumen metagenome [@pone.0025724-Hess1] obtained from the IMG/M database. The dataset of the Global Ocean Survey comprised of 12,672,518 sequences that were retrieved from the CAMERA [@pone.0025724-Seshadri1] portal and translated in six reading frames.

Analyses of microbial genomes {#s2c}
-----------------------------

pHMMs were applied to search for bacterial laccase-like sequences in 2,211 microbial genomes organized in two databases as described in the preceding section. Positive hits were aligned using ClustalW. The alignments were manually proof-read and filtered: the sequences without four copper-binding regions were removed. The taxonomic affiliation for the sequences in the final alignment was obtained using the NCBI taxonomy database. The web-based application Phobius [@pone.0025724-Kll1] was used for the identification of transmembrane segments and signal peptides in the laccase sequences. Several custom-made scripts in Perl, Python and R programming languages were used for the processing and analyses of the data.

Analyses of metagenomes {#s2d}
-----------------------

The pHMMs were applied to the four metagenomic datasets described in section 2.2. The translated sequences were matched against each pHMM and those matching at least one copper-binding domain were aligned to the corresponding model using the HMMER software package. The alignments were manually processed and non-matching sequences deleted. Finally, the sequences were grouped according to their origin and taxonomically assigned using the lowest common ancestor approach: (1) Each aligned sequence read was compared against the NCBI genomes database using BLAST and an e-value cutoff of e-30. (2) Hits with a bit score above 90% of the best bit score were collected. (3) The lowest common ancestor was calculated for the taxonomies of the selected hits and assigned to the read. The reads for which the lowest common ancestor was identified using this 3-step approach, were aligned to the corresponding model using the HMMER package and manually verified.

Identification of putative horizontal gene transfer (HGT) events {#s2e}
----------------------------------------------------------------

A parametric method [@pone.0025724-Dufraigne1] was implemented for a rapid detection of putative HGT events. The algorithm consisted of three steps. (i) For each laccase sequence in the input file, the parent genome was downloaded and the genomic signature was calculated using a 5 kb sliding window with a step of 500 bp as described in [@pone.0025724-Dufraigne1]. (ii) The distance of each local signature from the average signature was calculated and plotted for a region of ±200 kbp around the locus of the putative laccase sequence. (iii) The figures were then examined by eye to select those where the position of the laccase and a stretch of unusual genomic signature overlapped. These were the putative HGT events; they were additionally examined using BLAST for the presence of other HGT-indications (such as phage integrases or insertion sequences) and to list the genes that had putatively been transferred along with the laccase gene.

Results {#s3}
=======

Identification, diversity and distribution of bacterial laccase-like genes in the genome database entries {#s3a}
---------------------------------------------------------------------------------------------------------

A thorough bioinformatics survey of draft and completed bacterial genomes was performed to extensively search for bacterial laccase-like genes. A two-step approach ([Figure 1](#pone-0025724-g001){ref-type="fig"}) using pHMMs instead of simple BLAST searches was chosen, allowing the identification of distantly related sequences. In case of two-domain enzymes, two groups were defined corresponding to type B and type C multicopper oxidases as proposed by Nakamura et al. [@pone.0025724-Nakamura1]. One profile HMM was deduced for each of these two groups, and the completed and draft bacterial genomes were searched exhaustively by using these new pHMM models. Altogether 221 sequences were obtained ([Table 2](#pone-0025724-t002){ref-type="table"}). More difficulties arose when addressing the diversity of three-domain laccases since many highly diverse sequences were retrieved by searching with the initial profile HMM. Finally, three models were built for the three-domain bacterial laccases. In total, 1019 sequences were retrieved for this laccase type ([Table 2](#pone-0025724-t002){ref-type="table"}).

10.1371/journal.pone.0025724.t002

###### The number of sequences retrieved with the newly defined pHMMs when searching the databases of completed and draft genomes.

![](pone.0025724.t002){#pone-0025724-t002-2}

                                                                        No. of genes found   No. (%) of  
  -------------- ----------------------------------------------------- -------------------- ------------ ------------
  two-domain                            typeC2D                                 63               63       40 (63.5)
                                        typeB2D                                158              158       127 (80.4)
  three-domain                          small3D                                822              355       303 (85.4)
                                         big3D                                 308              159       118 (74.2)
                                         cot3D                                 200               38       26 (68.4)
                  more than one model[c](#nt104){ref-type="table-fn"}           /               467       329 (70.4)
                                                                               sum              1240      943 (76.0)

No. of genes retrieved with the model.

No. of genes not retrieved with any other model.

No. of genes retrieved with more that one model.

The pHMMs and the sequences are available as supplementary information ([Figure S1](#pone.0025724.s001){ref-type="supplementary-material"}, [S2](#pone.0025724.s002){ref-type="supplementary-material"}, [S3](#pone.0025724.s003){ref-type="supplementary-material"}, [S4](#pone.0025724.s004){ref-type="supplementary-material"}, [S5](#pone.0025724.s005){ref-type="supplementary-material"}, [S6](#pone.0025724.s006){ref-type="supplementary-material"}). Signal peptides were identified using the on-line version of Phobius [@pone.0025724-Kll1].

Signal peptides and transmembrane segments in the obtained laccase amino acid sequences were identified using Phobius [@pone.0025724-Kll1]. Three quarters of the enzymes harbored putative signal peptides ([Table 2](#pone-0025724-t002){ref-type="table"}), indicating that the majority of the bacterial laccases may be exported out of the cytoplasm which is in contrast to the current knowledge [@pone.0025724-Sharma1].

In total, 1240 genes for laccase-like enzymes have been found in 807 different microorganisms (36% of 2211 organisms included in the study). The sequences are available as supplementary information ([Figure S6](#pone.0025724.s006){ref-type="supplementary-material"}). In 252 organisms more than one laccase gene was identified (58 organisms encoded 3 genes, 18 encoded 4 genes, 16 had 5 genes and 7 harbored more than 5 laccase-like genes). The highest number of putative laccase genes was identified in *Xanthobacter autotrophicus* Py2, where three out of the 10 laccase genes were encoded on a plasmid and both two- and three-domain enzymes were present on the chromosome and the plasmid. Both *Sulfitobacter* sp. NAS-14.1 and *Sorangium cellulosum* So ce 56 had eight genes in their chromosomes, with one two-domain laccase in each genome while the others were three-domain enzymes.

Several phyla are represented with very few sequences while in other groups many laccase genes were retrieved ([Figure 2](#pone-0025724-g002){ref-type="fig"}). For example, as many as 368 sequences in the final dataset were affiliated to *Gammaproteobacteria*. However, only 14 of these (\<4%) were two-domain laccases, which were completely absent in the groups *Deltaproteobacteria* and *Epsilonproteobacteria*. Only few two-domain laccases were identified in *Actinobacteria*, which is surprising, since two-domain laccases had predominantly been discovered in *Streptomyces* [@pone.0025724-Machczynski1], [@pone.0025724-Endo1]. While *Acidobacteria* and *Bacteroidetes* seemed to lack two-domain laccases, only two-domain laccases were found in *Planctomycetes* (admittedly only two sequences in ten sequenced genomes from this phylum). Moreover, 34 genes were identified in *Cyanobacteria*. Interestingly, all 8 two-domain laccases in *Cyanobacteria* belonged to type C ([Figure 2](#pone-0025724-g002){ref-type="fig"}). In finished genome projects, it was possible to obtain information on the location of the genes (whether on the chromosome or a plasmid). From the 749 genes identified in the finished genomes, 76 genes (52 for three-domain and 24 for two-domain laccases) were encoded on plasmids originating from 46 different organisms ([Figure 3](#pone-0025724-g003){ref-type="fig"}). One third of these (34%) were associated with various *Rhizobiales* species that usually had multiple genes for laccases in their genomes. *Enterobacteria,* on the other hand, typically contained just a single gene for a three-domain laccase, except for eleven enterobacterial strains that carried two genes for laccase-like enzymes. Here, the second gene was usually encoded on a plasmid ([Figure 3](#pone-0025724-g003){ref-type="fig"}), e.g. *Klebsiella pneumoniae* NTUH-K20 plasmid pK2044 (NC_006625.1, protein YP_001687946.1) and *Escherichia coli* APEC O1 plasmid pAPEC-O1-R (NC_009838.1, protein YP_001481473.1). In contrast, in some organisms (e.g. species of *Mycobacterium*, *Ralstonia* and *Leuconostoc*) laccase-like genes were identified only on plasmids ([Figure 3](#pone-0025724-g003){ref-type="fig"}).

![Proportions of two-domain (black) and three-domain (grey) laccases in different phyla (left) and classes of Proteobacteria (right).\
The numbers in brackets represent the total number of laccase genes found in each taxon.](pone.0025724.g002){#pone-0025724-g002}

![List of species encoding laccase genes and possessing plasmids in their genomes.\
The bars represent the number of laccase genes in the genome (black) and the number of laccase genes on plasmids (gray). The length of the bar shows the total number of genes for each organism.](pone.0025724.g003){#pone-0025724-g003}

Bacterial laccase-like sequences in metagenomic datasets {#s3b}
--------------------------------------------------------

Only 62 low-scoring hits were obtained with the new pHMMs when searching the metagenome originating from a biogas-producing microbial community [@pone.0025724-Jaenicke1], [@pone.0025724-Schlter1]. BLAST searches affiliated most sequences to the archeon *Methanoculleus* and different *Clostridium/Bacillus* species. Few hits were found when searching the metagenomes obtained from anaerobic microbial communities in termite and cow digestive systems, although these communities actively degrade plant biomass. The hits were not significant and none covered any of the copper-binding regions within laccase sequences.

The pHMM based search of the Global Ocean Survey data, on the other hand, retrieved numerous hits for prokaryotic laccases. In total, 277 and 847 sequences showed similarities to two-domain and three-domain laccase-like sequences, respectively, aligning neatly to the copper-binding regions of the models. However, only 33% of the putative three-domain laccases could be affiliated to *Bacteria* using the lowest common ancestor approach; the rest did not resemble any sequence in public databases, indicating considerable novelty. The majority (97%) of the classifiable sequences were assigned to *Proteobacteria* while the remaining were assigned to *Cyanobacteria*, *Bacteroidetes* and *Actinobacteria* ([Figure 4](#pone-0025724-g004){ref-type="fig"}). At the genus level, most sequences were assigned to *Burkholderia* and *Shewanella.*

![Taxonomic affiliation of sequences encoding laccases-like proteins in the Global Ocean Survey data.\
Proportions are shown for the total of 847, 245 and 32 sequences aligning well to the pHMMs of the three-domain laccases, type B two-domain laccases and type C two-domain laccases, respectively.](pone.0025724.g004){#pone-0025724-g004}

For the two-domain laccases, all four existing copper-binding regions were identified in some environmental gene tags (EGTs). The taxonomic affiliations of the sequences of the type B and type C two-domain laccases were analyzed separately ([Figure 4](#pone-0025724-g004){ref-type="fig"}). In total, only 53% of the type C sequences could be affiliated to *Archaea* (*Thaumarchaeota -- Nitrosopumilus*), while no similar sequences could be found in the public databases for the remaining half of the dataset. For the type B two-domain laccase sequences, 87% were assigned to *Bacteria*. *Betaproteobacteria* were the dominant class (90% of all classifiable reads), mostly represented by the *Burkholderia*-associated sequences (84%) ([Figure 4](#pone-0025724-g004){ref-type="fig"}).

The origin of the identified laccase-like sequences was analyzed in more detail. Most of the three-domain laccase-like sequences (30%) were found in the Sargasso Sea at the station 11 where the sea temperature at the time of sampling was 20.5°C, the chlorophyll density was 0.17 µg/kg and the salinity was 36.7 ppt. 14% of the reads encoding three-domain laccase like enzymes were obtained from the sample from a Galapagos Islands sample, taken at Punta Cormorant. This location featured a high salinity of 63.4 ppt and a sea temperature of 37.6°C. The two-domain laccases were mainly obtained from the Sargasso Sea station 11 (52%) and from Sargasso Sea station 3 (7%).

Horizontal gene transfer of laccase-like sequences identified in microbial genomes {#s3c}
----------------------------------------------------------------------------------

Identification of potentially horizontally transferred laccase genes was based on tetraoligonucleotide frequencies or genomic signatures [@pone.0025724-Dufraigne1]. Local genomic signatures covering laccase genes were compared to average signatures of respective genomes. If the local signatures were significantly different, the corresponding genes were considered to have been acquired *via* horizontal gene transfer (HGT) and the fragment was further examined for the presence of other indicators of HGT, such as remainders of insertion sequences, transposons or phages. Possible other open reading frames on the fragment were annotated to elucidate the genetic potential of the fragment for the organism. More than 40 examples representing putative HGT events were found (not all examined in further detail), and four examples are described below.

In *Nitrosococcus watsoni* C-113, a short fragment of less than 5 kbp was identified as having been horizontally transferred, carrying a putative two-domain laccase (YP_003760803) and an outer membrane efflux protein (YP_003760804) gene. There were also the remnants of genes similar to a resolvase and a transposase, again indicating past horizontal gene transfer of the fragment.

Of the 34 *Yersinia* strains included in the study, more than one gene for a laccase-like enzyme was found only in the draft genome of *Yersinia mollaretii* ATCC 43969. At the beginning of the putatively horizontally transferred fragment, remnants of a phage integrase gene were detected. In addition, several putative open reading frames could be predicted but most of them were small and did not resemble any known sequences in the database. However, four open reading frames other than the ORF for the putative three-domain laccase are homologous to database entries. These encode a protein with a beta-lactamase domain, an ABC transporter, and two cytochrome c family proteins.

Out of 40 genomes from the genus *Haemophilus* included in our study, only one strain contained two laccase-like genes. These two genes were identified on a common genomic island that has a markedly different signature than the rest of the genome. Close to the two laccase genes was a gene encoding a heavy metal translocating ATPase and a longer stretch (2500bp) of DNA with a homology to plasmids and transposons of various organisms, harboring genes for tetracycline resistance. The end of the fragment showed a similarity to putative integrase genes as revealed by BLASTn.

In *Geobacter sulfurreducens*, the putative horizontally transferred fragment encoded a ferrous ion transport protein, a set of CRISPR-associated genes (known for their mobility through HGT) and a laccase gene.

Discussion {#s4}
==========

The aim of this study was to identify laccase-like genes in published bacterial genomes and metagenome datasets. Five new profile Hidden Markov Models (pHMM) were developed for two-domain and three-domain laccases. Such probabilistic models of protein families are commonly used in the analysis of high-throughput sequencing data [@pone.0025724-Krause1]. The main advantage of a pHMM-based approach is the high accuracy in detecting conserved domains compared to other methods such as BLAST.

Specific pHMMs were developed for type B and type C two-domain laccases that were previously identified [@pone.0025724-Nakamura1]. These models are particularly important since two-domain multicopper oxidases could not be efficiently discovered with the existing models for fungal laccases. Several genes for the type A two-domain laccases have also been identified with the initial BLAST-based searches. However, these originated solely from *Archaea* such as *Halogeometricum borinquense* DSM 11551 (3 genes), *Haloterrigena turkmenica* DSM 5511 (2 genes), *Haloarcula marismortui* ATCC 43049 (2 genes), *Halobacterium sp.* NRC-1 (this gene was previously identified by [@pone.0025724-Nakamura1]), and were thus excluded from further analysis.

The diversity of three-domain bacterial laccases, which are similar to those in fungi, was unexpectedly high; three models were constructed to capture most of the variability in amino acid sequences and lengths of the predicted proteins. Based on the sizes of individual domains and whole proteins, two major groups were identified: a larger group of enzymes (81% of the three-domain laccases) with the well-known representatives such as CotA from *Bacillus subtilis* (identified with the pHMM named small3D), and a smaller group (16% of the three-domain laccases) including considerably larger proteins that to our knowledge has no characterized representatives (these were retrieved with the pHMM named big3D). Bacteria of the genera *Pseudomonas*, *Geobacter, Xanthobacter* and *Acinetobacter* were found to possess laccases belonging to this second group. However, the diversity within these two groups, e.g. the diversity in the copper-binding regions, was also notable. Laccases from smaller taxa of closely related bacteria with few copies in each genome (e.g. *Enterobacteria*) clustered together in phylogenetic trees (data not shown) while the clustering of laccases from some phyla was not consistent with the 16S rRNA phylogeny. Notably, laccases from *Firmicutes* (low-GC) and *Actinobacteria* (high-GC) formed several mixed clusters that often included laccases from *Proteobacteria* (data not shown).

The high level of diversity within groups of related bacteria suggested two mutually non-excluding explanations. Firstly, it is evident from our data that there are several groups of bacterial laccases in terms of protein structure and, we speculate, also in terms of physiological function (substrate utilization, pigment formation, stress resistance and others yet to be discovered). Further members of these subgroups of bacterial laccases may be identified in due time on the basis of studies such as this one. Secondly, horizontal gene transfer may offer some explanations as to why laccases from the same organism can be so diverse. The present study provides some evidence that certain laccase genes were probably acquired *via* horizontal gene transfer, either alone or together with other important genes such as antibiotic resistance genes.

It is important to note that the microbial genome databases are extremely biased towards certain organisms. Although measures have been undertaken to help relieve this issue and many genomes of organisms from scarcely represented phyla are being added [@pone.0025724-Wu1], several major bacterial groups are still represented with very few sequenced genomes. This bias is reflected in our data as several phyla were represented with less than 10 sequences ([Figure 2](#pone-0025724-g002){ref-type="fig"}) while some groups were large (for example, as many as 368 sequences in the final dataset were affiliated to *Gammaproteobacteria* due to the pronounced bias towards *Enterobacteria*). This fact makes it difficult to infer general conclusions about the presence or absence of genes for certain types of laccases in a particular group of organisms. Moreover, finding genes encoding laccase-like enzymes does not necessarily mean that the organism has laccase activity at its disposal.

Still, the results presented here indicate considerable diversity of laccases in bacteria and question some of the current views of bacterial laccases. Most notably, based on the presence of signal peptides around 76% of the putative proteins identified in this study appear to be secreted from the cytoplasm. Moreover, the genes for laccase-like enzymes were found in anaerobic organisms. Corresponding enzymes almost invariably had signal peptides indicating that they may be active in a more aerobic environment away from the cells. This is a possible scenario for some soil bacteria (e.g. *Geobacter, Clostridium*) but quite unlikely for microbes living in the anaerobic digestive systems of herbivores. This is probably the reason why very few laccases were found in metagenomes derived from these habitats -- organisms living in digestive tracts probably use other enzymes for the breakdown of plant (poly)phenolics, such as diverse peroxidases. There is evidence that some bacterial laccases are indeed involved in lignin degradation [@pone.0025724-Ahmad1], while others may carry out functions such as pigment formation, as shown for the CotA laccase from *Bacillus subtilis* [@pone.0025724-Martins1]. Moreover, many autotrophs have laccases, for example *Cyanobacteria* (34 genes in 23 organisms) and nitrifying bacteria (28 genes in 9 organisms of the genera *Nitrosococcus, Nitrosomonas and Nitrobacter*).

As reviewed in the [introduction](#s1){ref-type="sec"}, bacterial laccases may also be interesting for biotechnological applications. However, there have only been a few attempts to verify this in practice. Notably, the CotA laccase was able to decolorize a variety of structurally different synthetic dyes at alkaline pH and in the absence of redox mediators [@pone.0025724-Pereira1]. Azo-dyes have been degraded with an unusual two-domain laccase from *Streptomyces* that is active in a dimeric form and exhibits high thermo- and pH-stability [@pone.0025724-MolinaGuijarro1]. It has been shown that xenobiotics increase the activity of the laccase from a *Gammaproteobacterium*, which may indicate the protective role of laccases against mutagens, xenobiotics and agrochemicals [@pone.0025724-Singh2]. There is a growing body of evidence that *Bacteria* can degrade lignin [@pone.0025724-Ahmad1] and that laccases are important in this process, either acting alone or together with other enzymes such as extracellular peroxidases [@pone.0025724-Bugg1]. Bacterial laccases certainly will have to be taken into account in future enzyme cocktails for lignin degradation or diverse environmental applications.

The present study can help to identify potential novel sources of laccases. These are the organisms with multiple genes for laccases; for example, *Rhodococcus erythropolis* PR4 had one gene on a plasmid and six other genes encoded on the chromosome. Bacteria of the genus *Rhodococcus* were shown to degrade different types of lignin in the absence of hydrogen peroxide, indicating that laccases may be involved in the process [@pone.0025724-Ahmad1]. *Rhodococci* are known to be potent degraders of polychlorinated biphenyls (PCBs) and since biphenyls occur naturally due to lignin degradation, it has been speculated that the enzymes responsible for PCB degradation had originally been involved in lignin degradation [@pone.0025724-Ahmad1]. In this study, 26 genes for laccase-like enzymes could be identified in only five different species of the genus *Rhodococcus*.

Salt- and pH-tolerant laccases are desired for industrial applications and one laccase exhibiting such properties has been described in *Bacillus halodurans* [@pone.0025724-Ruijssenaars1]. A novel laccase, found using a metagenomic approach, was extremely halotolerant (up to 1M NaCl) and pH-stable and could degrade several synthetic dyes, some of them even in the absence of mediators [@pone.0025724-Fang1]. Many alkaliphilic bacteria are currently being sequenced by the Joint Genome Institute (e. g. *Heliothrix oregonensis, Thioalkalivibrio thiocyanoxidans, Thioalkalimicrobium cyclicum*) and it will be interesting to search their genomes for laccase genes once they become available. However, some genes for laccase-like enzymes have been discovered in the alkaliphiles available at the time of this study, for example in *Oceanobacillus iheyensis* (*Firmicutes*) and *Thioalkalivibrio sp.* (three genes in two strains of these *Gammaproteobacteria*). These organisms may also be important sources of novel enzymes with desired properties.

Recently, the Laccase Engineering Database (LccED) was launched with an ambition to collect and manage molecular data regarding laccases and related multicopper oxidases from all domains of life [@pone.0025724-Sirim1]. Over 2200 proteins were collected in the LccED, and laccases from fungi and plants predominated. Their dataset of bacterial laccases overlapped with ours to a large extent (up to 70% of the sequences). Their collection was richer for the environmental sequences but also contained sequences which appeared not to be laccases as they contained no copper-binding domains (e.g. CAA78165.1). Conversely, our search retrieved several hundred new sequences. One of the distinctive findings of our study was to identify 220 genes for the two-domain laccase enzymes, while the LccED database listed less than 20. LccED is certainly a valuable resource that may be further enriched with sequences from studies such as the present one. By facilitating the access to taxonomic information and by enabling batch assignments to the proposed protein families, the LccED could enable the researchers to elegantly investigate topics similar to the ones addressed here.

Conclusions {#s5}
===========

In the present study, an enormous amount of sequence data was made accessible to study an increasingly important group of enzymes. Both two- and three-domain laccases were retrieved. The results supported our hypothesis that the genes for laccases were widely distributed among virtually all bacterial phyla. We showed that the localization of bacterial laccases may not be restricted to the cytoplasm and that they may be rather mobile. Moreover, these genes abounded in anaerobic organisms and autotrophs, and we pointed to some interesting organisms that could be exploited for their laccases. Admittedly, the majority of the putative enzymes discussed in this paper still need to be experimentally verified. However, elucidation of the wide distribution and enormous diversity of bacterial genes for laccase-like enzymes will undoubtedly increase scientific interest in this emerging field.
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======================
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**Profile Hidden Markov Model for type C two-domain laccases.** The pHMM file "typeC2D.hmm" was generated with HMMER software (28).
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Click here for additional data file.
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**Profile Hidden Markov Model for type B two-domain laccases.** The pHMM file "typeB2D.hmm" was generated with HMMER software (28).
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Click here for additional data file.
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**Profile Hidden Markov Model for three-domain laccases.** The pHMM file "small3D.hmm" was generated with HMMER software (28).
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Click here for additional data file.
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**Profile Hidden Markov Model for three-domain laccases.** The pHMM file "big3D.hmm" was generated with HMMER software (28).
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Click here for additional data file.
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**Profile Hidden Markov Model for three-domain laccases.** The pHMM file "cot3D.hmm" was generated with HMMER software (28).
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Click here for additional data file.

###### 

**Amino acid sequences of 1240 putative laccases identified in the present study.** The sequences are in fasta format, each sequence has the accession number and the name of the source organism in the description.
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Click here for additional data file.
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